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BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 



BACKGROUND 
This invention relates to branch instructions. 
5 Parallel processing is an efficient form of information processing of 

concurrent events in a computing process. Parallel processing demands concurrent 
execution of many programs in a computer. In contrast, sequential processing or serial 
processing has all tasks performed sequentially at a single station or a pipelined machine 
has tasks p^oraied at specialized stations. Computer code whether executed in parallel 
10 processing, pipelined or sequential processing involves branches in which an instruction 
stream may execute in a sequence and branch jfrom the sequrace to a different sequence 
of instructions. 

BRIEF DESCRIPTION OF THE DRAWINGS 
15 FIG, I is a block diagram of a conununication system emplo3dng a 

hardware-based multithreaded processor. 

FIG. 2 is a detailed block diagram of the hardware-based multithreaded 
processor of FIG. 1. 

FIG. 3 is a block diagram of a microengine functional unit employed in the 
20 hardware-based multithreaded processor of FIGS. 1 and 2. 

FIG. 4 is a block diagram of a pipeline in the microengine of FIG. 3. 
FIGS. 5 A and 5B are diagrams that show exemplary formats for context 
related branch type instructions. 

FIG. 6 is a block diagram showing general piupose register address 

25 airangement. 

FIG. 7 is a block diagram of a memory controller for enhanced bandwidth 
operation used in the hardware_based multithreaded processor. 

FIG. 7A is a flow chart that represents an arbitration policy in an SDRAM 
controller of FIG. 7. 

30 FIG. 7B is a timing diagram that shows advantages of optimizing SDRAM 

controller. 

FIG. 8 is a block diagram of a memory controller for latency limited 
operations used in the hardware_based multithreaded processor. 
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FIG. 8A is a timing diagram that shows advantages of optimizing SRAM 

controller. 

FIG. 9 is a block diagram of a communication bus interface in the 
processor of FIG. L 

DESCRIPTION 

Referring to FIG. 1, a communication system 10 includes a parallel, 
hardware-based multithreaded processor 12. The hardware-based multithreaded 
processor 12 is coupled to a bus such as a PCI bus 14, a memory system 16 and a second 
bus 1 8. The system 10 is especially useful for tasks that can be broken into parallel 
subtasks or functions. Specifically hardware-based multithreaded processor 12 is useful 
for tasks that are bandwidth oriented rather than latency oriented. The hardware-based 
multithreaded processor 12 has multiple microengines 22 each with multiple hardware 
controlled threads that can be simultaneously active and independently work on a task. 

The hardware-based multithreaded processor 12 also includes a central 
controller 20 that assists in loading microcode control for other resources of the 
hardware-based multithreaded processor 12 and performs other general purpose computer 
type functions such as handling protocols, exceptions, extra support for packet processing 
where the microengines pass the packets off for more detailed processing such as in 
boundary conditions. In one embodiment, the processor 20 is a Strong Arm® (Arm is a 
trademark of ARM Limited, United Kingdom) based architecture. The general purpose 
microprocessor 20 has an operating system. Through the operating system the processor 
20 can call functions to operate on microengines 22a-22f The processor 20 can use any 
supported operating system preferably a real time operating system. For the core 
processor implemented as a Strong Arm architecture, operating systems such as, 
MicrosoftNT® real-time, VXWorks and DCUS, a freeware operating system available 
over the Internet, can be used. 

The hardware-based multithreaded processor 12 also includes a plurality 
of function microengines 22a-22f. Functional microengines (microengines) 22a-22f each 
maintain a pluraHty of program counters in hardware and states associated with the 
program counters. Effectively, a corresponding plurality of sets of threads can be 
simultaneously active on each of the microengines 22a-22f while only one is actually 
operating at any one time. 
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In one embodiment, there are six microengines 22a-22f as shown. Each 
microengines 22a-22f has capabiHties for processing four hardware threads. The six 
microengines 22a-22f operate with shared resources including memory system 16 and bus 
interfaces 24 and 28. The memory system 16 includes a Synchronous Dynamic Random 
5 Access Memory (SDRAM) controller 26a and a Static Random Access Memory (SRAM) 
controller 26b. SDRAM memory 1 6a and SDRAM controller 26a are typically used for 
processing large volumes of data, e.g., processing of network payloads from network 
packets. The SRAM controller 26b and SRAM memory 16b are used in a networking 
implementation for low latency, fast access tasks, e.g., accessing look-up tables, memory 

1 0 for the core processor 20, and so forth. 

The six microengines 22a-22f access either the SDRAM 16a or SRAM 
16b based on characteristics of the data. Thus, low latency, low bandwidth data is stored 
in and fetched fix)m SRAM, whereas higher bandwidth data for which latency is not as 
important, is stored in and fetched from SDRAM. The microengines 22a-22f can execute 

1 5 memory reference instractions to either the SDRAM controller 26a or SRAM controller 
16b. 

Advantages of hardware multithreading can be explained by SRAM or 
SDRAM memory accesses. As an example, an SRAM access requested by a Thread_0, 
from a microengine will cause the SRAM controller 26b to initiate an access to the 

20 SRAM memory 16b. The SRAM controller controls arbitration for the SRAM bus, 
accesses the SRAM 16b, fetches the data from the SRAM 16b, and returns data to a 
requesting microengine 22a-22b. During an SRAM access, if the microengine e.g., 22a 
had only a single thread that could operate, that microengine would be dormant until data 
was retumed from the SRAM. By employing hardware context swapping within each of 
25 the microengines 22a-22f, the hardware context swapping enables other contexts with 

unique program counters to execute in that same microengine. Thus, another thread e.g., 
Thread_l can function while the first thread, e.g., Thread_0, is awaiting the read data to 
return. During execution, Thread^l may access the SDRAM memory 16a. While 
Thread_l operates on the SDRAM unit, and Thread_0 is operating on the SRAM unit, a 
30 new thread, e.g., Thread_2 can now operate in the microengine 22a. Thread_2 can 
operate for a certain amount of time until it needs to access memory or perform some 
other long latency operation, such as making an access to a bus mterface. Therefore, 
simultaneously, the processor 12 can have a bus operation, SRAM operation and SDRAM 
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operation all being completed or operated upon by one microengine 22a and have one 
more thread available to process more work in the data path. 

The hardware context swapping also synchronizes completion of tasks. 
For example, two threads could hit the same shared resource e.g., SRAM. Each one of 
these separate functional units, e.g., the FBUS interface 28, the SRAM controller 26a, and 
the SDRAM controller 26b, when they complete a requested task from one of the 
microengine thread contexts reports back a flag signaling completion of an operation. 
When the flag is received by the microengine, the microengine can determine which 
thread to turn on. 

One example of an application for the hardware-based multithreaded 
processor 12 is as a network processor. As a network processor, the hardware-based 
multithreaded processor 12 interfaces to network devices such as a media access 
controller device e.g., a 10/1 OOBaseT Octal MAC 13a or a Gigabit Ethernet device 13b. 
In general, as a network processor, the hardware-based multithreaded processor 12 can 
interface to any type of communication device or interface that receives/sends large 
amounts of data. Communication system 10 functioning in a networking application 
could receive a plurality of network packets from the devices 13 a, 13b and process those 
packets in a parallel manner. With the hardware-based multithreaded processor 1 2, each 
network packet can be independently processed. 

Another example for use of processor 12 is a print engine for a postscript 
processor or as a processor for a storage subsystem, i.e., RAID disk storage. A further 
use is as a matching engine. In the securities industry for example, the advent of 
electronic trading requires the use of electronic matching engines to match orders 
between buyers and sellers. These and other parallel types of tasks can be accomplished 
on the system 10. 

The processor 12 includes a bus interface 28 that couples the processor to 
the second bus 18. Bus interface 28 in one embodiment couples the processor 12 to the 
so-called FBUS 18 (FIFO bus). The FBUS interface 28 is responsible for controlling and 
interfacing the processor 12 to the FBUS 18. The FBUS 1 8 is a 64-bit wide FIFO bus, 
used to interface to Media Access Controller (MAC) devices. 

The processor 12 includes a second interface e.g., a PCI bus interface 24 
that couples other system components that reside on the PCI 14 bus to the processor 12. 
The PCI bus interface 24, provides a high speed data path 24a to memory 16 e.g., the 
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SDRAM memory 16a. Through that path data can be moved quickly from the SDRAM 
16a through the PCI bus 14, via direct memory access (DMA) transfers. The hardware 
based multithreaded processor 12 supports image transfers. The hardware based 
multithreaded processor 12 can employ a pliirality of DMA channels so if one target of a 
DMA transfer is busy, another one of the DMA channels can take over the PCI bus to 
deliver information to another target to maintain high processor 12 efficiency. 
Additionally, the PCI bus interface 24 supports target and master operations. Target 
operations are operations where slave devices on bus 14 access SDRAMs through reads 
and writes that are serviced as a slave to target operation. In master operations, the 
processor core 20 sends data directly to or receives data directly from the PCI interface 
24. 

Each of the functional units are coupled to one or more internal buses. As 
described below, the internal buses are dual, 32 bit buses (i.e., one bus for read and one 
for write). The hardware-based multithreaded processor 12 also is constmcted such that 
the sxmi of the bandwidths of the internal buses in the processor 12 exceed the bandwidth 
of external buses coupled to the processor 12. The processor 12 includes an internal core 
processor bus 32, e.g., an ASB bus (Advanced System Bus) that couples the processor 
core 20 to the memory controller 26a, 26c and to an ASB translator 30 described below. 
The ASB bus is a subset of the so called AMBA bus that is used with the Strong Aim 
processor core. The processor 12 also includes a private bus 34 that couples the 
microengine units to SRAM controller 26b, ASB translator 30 and FBUS interface 28. A 
memory bus 38 couples the memory controller 26a, 26b to the bus interfaces 24 and 28 
and memory system 16 including flashrom 16c used for boot operations and so forth. 

Referring to FIG. 2, each of the microengines 22a-22f includes an arbiter 
that examines flags to determine the available threads to be operated upon. Any thread 
from any of the microengines 22a-22f can access the SDRAM controller 26a, SDRAM 
controller 26b or FBUS interface 28. The memory controllers 26a and 26b each include a 
plurality of queues to store outstanding memory reference requests. The queues either 
maintain order of memory references or arrange memory references to optimize memory 
bandwidth. For example, if a thread_0 has no dependencies or relationship to a thread_l , 
there is no reason that thread 1 and 0 cannot complete their memory references to the 
SRAM unit out of order. The microengines 22a-22f issue memory reference requests to 
the memory controllers 26a and 26b. The microengines 22a-22f flood the memory 
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subsystems 26a and 26b with enough memory reference operations such that the memory 
subsystems 26a and 26b become the bottleneck for processor 12 operation. 

If the memory subsystem 16 is flooded with memory requests that are 
independent in nature, the processor 12 can perform memory reference sorting. Memory 
reference sorting improves achievable memory bandwidth. Memory reference sorting, as 
described below, reduces dead time or a bubble that occurs with accesses to SRAM. 
With memory references to SRAM, switching current direction on signal lines between 
reads and writes produces a bubble or a dead time waiting for current to settle on 
conductors coupling the SRAM 16b to the SRAM controller 26b. 

That is, the drivers that drive current on the bus need to settle out prior to 
changing states. Thus, repetitive cycles of a read followed by a write can degrade peak 
bandwidth. Memory reference sorting allows the processor 12 to organize references to 
memory such that long strings of reads can be followed by long strings of writes. This 
can be used to minimize dead time in the pipeline to effectively achieve closer to 
maximum available bandwidth. Reference sorting helps maintain parallel hardware 
context threads. On the SDRAM, reference sorting allows hiding of pre-charges from 
one bank to another bank. Specifically, if the memory system 16b is organized into an 
odd bank and an even bank, while the processor is operating on the odd bank, the memory 
controller can start precharging the even bank. Precharging is possible if memory 
references alternate between odd and even banks. By ordering memory references to 
alternate accesses to opposite banks, the processor 12 improves SDRAM bandwidth. 
Additionally, other optimizations can be used. For example, merging optimizations 
where operations that can be merged, are merged prior to memory access, open page 
optimizations where by examining addresses an opened page of memory is not reopened, 
chaining, as will be described below, and refreshing mechanisms, can be employed. 

The FBUS interface 28 supports Transmit and Receive flags for each port 
that a MAC device supports, along with an Interrupt flag indicating when service is 
warranted. The FBUS interface 28 also includes a controller 28a that performs header 
processing of incoming packets from the FBUS 18. The controller 28a extracts the 
packet headers and performs a microprogrammable source/destination/protocol hashed 
lookup (used for address smoothing) in SRAM. If the hash does not successftiUy resolve, 
the packet header is sent to the processor core 20 for additional processing. The FBUS 
interface 28 supports the following internal data transactions: 
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FBUS unit (Shared bus SRAM) to/from microengine. 

FBUS unit (via private bus) writes from SDRAM Unit. 

FBUS unit (via Mbus) Reads to SDRAM, 

The FBUS 18 is a standard industry bus and includes a data bus, e.g., 64 
bits wide and sideband control for address and read/write control. The FBUS interface 28 
provides the ability to input large amounts of data using a series of input and output 
FIFO's 29a-29b. From the FIFOs 29a-29b, the microengines 22a-22f fetch data from or 
command the SDRAM controller 26a to move data from a receive FIFO in which data 
has come from a device on bus 1 8, into the FBUS interface 28. The data can be sent 
through memory controller 26a to SDRAM memory 16a, via a direct memory access. 
Similarly, the microengines can move data from the SDRAM 26a to interface 28, out to 
FBUS 18, via the FBUS interface 28. 

Data functions are distributed amongst the microengines. Connectivity to 
the SRAM 26a, SDRAM 26b and FBUS 28 is via command requests. A command 
request can be a memory request or a FBUS request. For example, a command request 
can move data from a register located in a microengine 22a to a shared resource, e.g., an 
SDJLAM location, SRAM location, flash memory or some MAC address. The 
commands are sent out to each of the fimctional units and the shared resources. However, 
the shared resources do not need to maintain local buffering of the data. Rather, the 
shared resources access distributed data located inside of the microengines. This enables 
microengines 22a-22f, to have local access to data rather than arbitrating for access on a 
bus and risk contention for the bus. With this feature, there is a 0 cycle stall for waiting 
for data intemal to the microengines 22a-22f 

The data buses, e.g., ASB bus 30, SRAM bus 34 and SDRAM bus 38 
coupling these shared resources, e.g., memory controllers 26a and 26b are of sufficient 
bandwidth such that there are no intemal bottlenecks. Thus, in order to avoid bottlenecks, 
the processor 12 has an bandwidth requirement where each of the functional units is 
provided with at least twice the maximum bandwidth of the intemal buses. As an 
example, the SDRAM can run a 64 bit wide bus at 83 MHz. The SRAM data bus could 
have separate read and write buses, e.g., could be a read bus of 32 bits wide running at 
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166 MHz and a write bus of 32 bits wide at 166 MHz. That is, in essence, 64 bits nmnini 
at 166 MHz which is eflfectively twice the bandwidth of the SDRAM. 

The core processor 20 also can access the shared resources. The core 
processor 20 has a direct communication to the SDRAM controller 26a to the bus 
5 interface 24 and to SRAM controller 26b via bus 32, However, to access the 

microengines 22a-22f and transfer registers located at any of the microengines 22a-22f, 
the core processor 20 access the microengines 22a-22f via the ASB Translator 30 over 
bus 34. The ASB translator 30 can physically reside in the FBUS interface 28, but 
logically is distinct. The ASB Translator 30 perfomis an address translation between 
10 FBUS microengine transfer register locations and core processor addresses (i.e., ASB 

bus) so that the core processor 20 can access registers belonging to the microengines 22a- 
22c, 

Although microengines 22 can use the register set to exchange data as 
described below, a scratchpad memory 27 is also provided to permit microengines to 
5 write data out to the memory for other microengines to read. The scratchpad 27 is 
coupled to bus 34. 

The processor core 20 includes a RISC core 50 implemented in a five 
stage pipeline perforaiing a single cycle shift of one operand or two operands in a single 
cycle, provides multipHcation support and 32 bit barrel shift support. This RISC core 50 
is a standard Strong Arm® architecture but it is implemented with a five stage pipeline 
for performance reasons. The processor core 20 also includes a 16 kilobyte instruction 
cache 52, an 8 kilobyte data cache 54 and a prefetch stream buffer 56. The core processor 
20 perforais arithmetic operations in parallel with memory writes and instruction fetches. 
The core processor 20 interfaces with other functional units via the ARM defined ASB 
bus. The ASB bus is a 32-bit bi-directional bus 32. 



Microengines: 

Referring to FIG. 3, an exemplary one of the microengines 22a-22f, e,g., 
microengine 22f is shown. The microengine includes a control store 70 which, in one 
implementation, includes a RAM of here 1,024 words of 32 bit. The RAM stores a 
microprogram. The microprogram is loadable by the core processor 20. The 
microengine 22f also includes controller logic 72. The controller logic includes an 
instruction decoder 73 and program counter (PC) units 72a-72d. The four micro program 
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counters 72a-72d are maintained in hardware. The microengine 22f also includes context 
event switching logic 74. Context event logic 74 receives messages (e.g., 
SEQ_#_EVENT_RESPONSE; FBI_EVENT_RESPONSE; SRAM 
^EVENT^RESPONSE; SDRAM _EVENT_RESPONSE; and ASB 

_EVENT_RESPONSE) from each one of the shared resources, e.g., SRAM 26a, SDRAM 
26b, or processor core 20, control and status registers, and so forth. These messages 
provide information on whether a requested function has completed. Based on whether or 
not a function requested by a thread has completed and signaled completion, the thread 
needs to wait for that completion signal, and if the thread is enabled to operate, then the 
thread is placed on an available thread list (not shown). The microengine 22f can have a 
maximum of e.g., 4 threads available. 

In addition to event signals that are local to an executing thread, the 
microengines 22 employ signaling states that are global. With signaling states, an 
executing thread can broadcast a signal state to all microengines 22. Receive Request 
Available signal. Any and all threads in the microengines can branch on these signaling 
states. These signaling states can be used to determine availability of a resource or 
whether a resource is due for servicing. 

The context event logic 74 has arbitration for the four (4) threads. In one 
embodiment, the arbitration is a round robin mechanism. Other techniques could be used 
including priority queuing or weighted fair queuing. The microengine 22f also includes 
an execution box (EBOX) data path 76 that includes an arithmetic logic unit 76a and 
general purpose register set 76b. The arithmetic logic unit 76a performs arithmetic and 
logical functions as well as shift functions. The registers set 76b has a relatively large 
number of general purpose registers. As will be described in FIG. 6, in this 
implementation there are 64 general purpose registers in a first bank. Bank A and 64 in a 
second bank. Bank B. The general purpose registers are windowed as will be described 
so that they are relatively and absolutely addressable. 

The microengine 22f also includes a write transfer register stack 78 and a 
read transfer stack 80. These registers are also windowed so that they are relatively and 
absolutely addressable. Write transfer register stack 78 is where write data to a resource 
is located. Similarly, read register stack 80 is for return data from a shared resource. 
SubsequCTt to or concurrent with data arrival, an event signal from the respective shared 
resoiu-ce e.g., the SRAM controller 26a, SDRAM controller 26b or core processor 20 will 
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be provided to context event arbiter 74 which will then alert the thread that the data is 
available or has been sent. Both transfer register banks 78 and 80 are connected to the 
execution box (EBOX) 76 through a data path. In one implementation, the read transfer 
register has 64 registers and the write transfer register has 64 registers. 

Referring to FIG. 4, the microengine datapath maintains a 5-stage micro- 
pipeline 82. This pipeline includes lookup of microinstruction words 82a, formation of 
the register file addresses 82b, read of operands fi-om register file 82c, ALU, shift or 
compare operations 82d, and write-back of results to registers 82e. By providing a write- 
back data bypass into the ALU/shifter units, and by assuming the registers are 
implemented as a register file (rather than a RAM), the microengine can perform a 
simultaneous register file read and write, which completely hides the write operation. 

The SDRAM interface 26a provides a signal back to the requesting 
microengine on reads that indicates whether a parity error occurred on the read request. 
The microengine microcode is responsible for checking the SDRAM read Parity flag 
when the microengine uses any return data. Upon checking the flag, if it was set, the act 
of branching on it clears it. The Parity flag is only sent when the SDRAM is enabled for 
checking, and the SDRAM is parity protected. The microengines and the PCI Unit are 
the only requestors notified of parity errors. Therefore, if the processor core 20 or FIFO 
requires parity protection, a micro4:ngine assists in the request. The microengines 22a-22f 
support conditional branches. The worst case conditional branch latency (not including 
jumps) occurs when the branch decision is a result of condition codes being set by the 
previous microcontrol instruction. The latency is shoAvn below in Table 1 : 
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I 1 I 2| 3| 4| 5| 6| 7| 8| 

microstore lookup | nl | cb | n2 | XX | bl | b2 | b3 | b4 | 
reg addr gen | | nl | cb | XX | XX | bl | b2 | b3 | 
reg file lookup \ | | nl j cb | XX | XX | bl | b2 | 
ALU/shifter/cc | | | | nl | cb ( XX | XX | bl | 
write back | ( | m2| | nl | cb | XX | XX | 

where nx is pre-branch microword (nl sets cc's), cb is conditional 
branch, bx is post-branch microword and XX is aborted microword 

As shown in Table 1, it is not until cycle 4 that the condition codes of nl 
are set, and the branch decision can be made (which in this case causes the branch path to 
be looked up in cycle 5). The microengine incurs a 2-cycle branch latency penalty 
because it must abort operations n2 and nS (the 2 microwords directly after the branch) in 
the pipe, before the branch path begins to fill the pipe with operation bl . If the branch is 
not taken, no microwords are aborted and execution continues normally. The 
microengines have several mechanisms to reduce or eliminate the effective branch 
latency. 

The microengines support deferred branches. Deferring branches are 
when a microengine allows 1 or 2 microwords after the branch to occur before the branch 
takes effect (i.e. the effect of the branch is "deferred" in time). Thus, if useful work can be 
foimd to fill the wasted cycles after the branch microword, then the branch latency can be 
hidden. A 1 -cycle deferred branch is shown below where n2 is allowed to execute after 
cb, but before bl: 
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I 1| 2| 3| 4| 5| 61 7| 8| 

^4-. +. + + f. ^ + + + 

microstore lookup | nl | cb | n2 1 XX | bl | b2 I b3 | b4 | 
regaddrgen | | nl | cb | n2 | XX | bl | b2 | b3 | 
reg file lookup | | | nl | cb | n2 | XX | bl | b2 | 
ALU/shifter/cc | | | | nl | cb | n2 | XX | bl | 
writeback | | | | | nl | cb | n2 | XX | 

A 2-cycle deferred branch is shown below, where n2 and n3 are both 
allowed to complete before the branch to bl occurs. Note that a 2-cycle branch deferment 
is only allowed when the condition codes are set on the microword preceding the branch. 



I 1| 2| 31 4| 51 6| 7| 8| 9) 
+ + — + + — + + + — + — + + 

microstore lookup | nl | cb | n2 | n3 | bl | b2 | b3 | b4 | b5 | 
reg addr gen | | nl | cb | n2 | n3 | bl | b2 1 b3 | b4 | 
reg file Ikup [ | ( nl | cb | n2 | n3 | bl | b2 | b3 | 
ALU/shftr/cc 1 | | | nl ) cb | n2 | n3 | bl | b2 | 
write back | | | | | nl | cb 1 n2 | n3 | bl 1 



The microengines also support condition code evaluation. If the condition 
codes upon which a branch decision are made are set 2 or more microwords before the 
branch, then 1 cycle of branch latency can be eliminated because the branch decision can 
be made 1 cycle earlier: 



I 1| 2| 31 41 5| 6| 7| 81 
1. ^- — + — + h — + — + — + + 

microstore lookup | nl | n2 j cb | XX | bl j b2 | b3 | b4 j 
reg addr gen | | nl j n2 | cb 1 XX | bl j b2 | b3 | 
reg file lookup | | | nl | n2 j cb j XX j bl | b2 1 
ALU/shifter/cc | | 1 1 nl 1 n2 | cb j XX | bl | 
writeback j j | | 1 nl j n2 1 cb j XX 1 
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In this example, nl sets the condition codes and n2 does not set the 
conditions codes. Therefore, the branch decision can be made at cycle 4 (rather than 5), 
to eliminate 1 cycle of branch latency, hi the example below, the 1 -cycle branch 
5 deferment and early setting of condition codes are combined to completely hide the 
branch latency: 

Condition codes (cc"s) set 2 cycles before a 1 -cycle deferred branch: 

10 I 1| 2| 31 4| 5| 61 71 8| 

microstore lookup | nl | n2 | cb | n3 | bl J b2 | b3 | b4 | 
reg addr gen I | nl | n2 | cb | n3 | bl | b2 | b3 | 
reg file lookup | | | nl | n2 | cb | n3 | bl | b2 | 
15 ALU/shifter/cc | | | | nl j n2 | cb | n3 | bl j 

write back | | | | | nl | n2 | cb | n3 | 

In the case where the condition codes cannot be set early (i.e. they are set 
in the microword preceding the branch), the microengine supports branch guessing which 
20 attempts to reduce the 1 cycle of exposed branch latency that remains. By "guessing" the 
branch path or the sequential path, the microsequencer pre-fetches the guessed path 1 
cycle before it definitely knows what path to execute. If it guessed correctly, 1 cycle of 
branch latency is eliminated as shown below: 

guess branch taken /branch is taken 
25 I 11 2| 3| 4| 51 6| 7| 8| 

microstore lookup | nl | cb | nl | bl | b2 | b3 | b4 | b5 | 
reg addr gen | | nl | cb | XX | bl | b2 | b3 | b4 | 
reg file lookup | | | nl | cb | XX | bl | b2 | b3 | 
30 ALU/shifter/cc | | | | nl | cb | XX | bl | b2 | 

writeback | | | | | nl | cb | XX | bl | 
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If the microcode guessed a branch taken incorrectly, the microengine still only wastes 1 
cycle: 

guess branch taken /branch is NOT taken 

M I 2| 3| 4| 5| 6| 7| 8| 

H i- + + ^ ^ ^ _^ 

microstore lookup | nl | cb | nl | XX | n2 | n3 | n4 | n5 | 
regaddrgen | | nl | cb | nl | XX | n2 | n3 | n4 | 
reg file lookup | | | nl | cb | nl | XX | n2 | n3 | 
ALU/shifter/cc | | | | nl j cb | nl | XX | n2 | 
writeback | | | | | nl | cb | nl | XX | 

However, the latency penalty is distributed differently when microcode 
guesses a branch is not taken: 

For guess branch NOT taken / branch is NOT taken there are no wasted 
cycles as set out below. 
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I 1| 2| 3| 41 5| 6| 7| 8| 
+ — + — + — + — + — + h — + — + 



10 cycles. 



microstore lookup | nl | cb | nl | n2 | n3 | n4 | n5 | n6 | 
reg addr gen | | nl | cb | nl 1 1]2 | n3 | n4 | n5 | 
reg file lookup | | | nl | cb | nl | n2 | nl | b4 | 
ALU/shifter/cc | | I | nl | cb | nl | n2 | n3 | 
write back ( | | | | nl | cb | nl | n2 | 

HowevCT for guess branch NOT taken /branch is taken there are 2 wasted 



I 1| 2! 3| 4| 5| 6| 7| 8| 

+ ^-1- + + 4- •-- 



microstore lookup | nl | cb | nl | XX | bl | b2 | b3 | b4 | 
15 reg addr gen | | nl | cb | XX | XX | bl I b2 | b3 | 

reg file lookup | | i nl | cb | XX | XX | bl | b2 | 
ALU/shifter/cc | | | | nl | cb | XX | XX | bl | 
writeback | | | | | nl | cb | XX | XX | 

20 The microengine can combine branch guessing with 1 -cycle branch defermrat to improve 
the result fiirther. For guess branch taken with 1 -cycle deferred branch/branch is taken is: 

I 1| 2| 3| 4| 5| 6| 7| 81 

+ + H + + h -f + 



25 microstore lookup | nl | cb | n2 | bl ( b2 | b3 | b4 | b5 | 

reg addr gen | | nl | cb i n2 | bl | b2 | b3 | b4 | 
reg file lookup | | | nl | cb | n2 | bl | b2 | b3 | 
ALU/shifter/cc | | | | nl | cb | n2 | bl | b2 | 
writeback I I I I Inl |cb|n2|bl I 



30 



In the case above, the 2 cycles of branch latency are hidden by the 
execution of n2, and by correctly guessing the branch direction. If microcode guesses 
incorrectly, 1 cycle of branch latency remains exposed as shown below: 



15 



wo 01/18646 PCTAJSOO/23992 



guess branch taken with 1 -cycle defended branch/branch is NOT taken 

I 1( 2| 3| 4| 5| 6| 7| 8| 91 

microstore lookup ( nl | cb | n2 | XX | n3 | n4 1 n5 | n6 | n7 | 
regaddrgen | | nl | cb | n2 j XX | n3 I n4 | n5 | n6 | 
reg file Ikup i | | nl | cb | n2 | XX | n3 | n4 | n5 | 
ALU/shftr/cc | | | | nl | cb | n2 | XX | n3 | n4 | 
10 writeback I I I I | nl | cb | n2 1 XX | n3 | 

If microcode correctly guesses a branch NOT taken, then the pipeline 
flows sequentially in the normal unperturbed case. If microcode incorrectly guesses 
branch NOT taken, the microengine again oqioses 1 cycle of unproductive execution as 
IS shown below: 

guess branch NOT taken/branch is taken 

I 1| 2| 3| 4| 51 61 7| 8| 9| 

20 + — + — + — + — + — + — + — + — ^-1 + 

microstore lookup | nl | cb | n2 | XX 1 bl ( b2 | b3 j b4 | b5 j 
reg addr gen | | nl | cb 1 n2 | XX | bl | b2 j b3 j b4 | 
reg file Ikup | | | nl j cb | n2 | XX 1 bl 1 b2 | b3 | 
ALU/shftr/cc | | 1 | nl | cb | n2 | XX | bl | b2 | 
25 write back | | 1 | | nl | cb | n2 1 XX | bl | 
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where nx is pre-branch microword (nl sets cc's) 
cb is conditional branch 
bx is post-branch microword 
XX is aborted microword 



In the case of a jump instruction, 3 extra cycles of latency are incurred 
because the branch address is not known until the end of the cycle in which the jump is in 
the ALU stage: 



i 1| 2| 3| 4| 5| 6| 7| 8| 9| 
+ — + — + — + — + — + — 4. — +_-+ — + 

microstore lookup I nl | jp | XX | XX | XX | jl | j2 | j3 | j4 | 
regaddrgen | |nl j jp | XX [ XX | XX | jl |j2|j3 | 
regfilelkup | | | nl | jp | XX | XX | XX | jl | j2 | 
ALU/shflr/cc | | | | nl | jp ] XX | XX | XX | jl | 
writeback | | | | | nl | jp | XX | XX | XX | 



The microengines support various standand types of ALU instmctions 
including logical and arithematic operations that perform an ALU operation on one or 
two operands and deposit the result into the destination register. The ALU's update all 
ALU condition codes according to the result of the operation. The values of condition 
codes are lost during context swaps. 

Referring to FIG. 5A, context branch instmctions BR=CTX, BRI^CTX 
are shown. The context branch instruction causes a processor, e.g., microengine 22f to 
branch to an instmction at a specified label based on whether or not the current executing 
context is the specified context number. As shown in FIG. 5 A, the context branch 
instmction is determined fi-om the branch mask fields when equal to "8" or "9." The 
context branch instmction can have the following format: 

br=ctx[ctx, label#], optional_token 
br!=ctx[ctx, label#], optional_token 
The field label# is a symbolic label corresponding to the address of an 
instmction. The field ctx is the context number. In one embodiment, valid ctx values are 
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10 



0, 1, 2, or 3. The context branch instraction can have an optional_token. The optional 
token "defer one" will cause the microengine to execute one instruction following this 
instruction before performing the branch operation. 

The instruction br=ctx branches if the context is the specifed number and 
the instruction br=ctx! branches if the context is riot the specified number. 

Referring to FIG 5B, a context swap instruction is a special form of a 
branch that causes a different context (and associated PC) to be selected. Context 
switching or swapping introduces some branch latency as well. Consider the following 
context switch: 



I 1| 2| 3| 4| 5| 6| 71 8| 9| 
h — ^ h — + + — + — + + + + 

microstore lookup | ol | ca | br | nl | n2 | n3 | n4 j n5 j n6 | 
reg addrgen ] t ol | ca | XX | nl | n2 | n3 | n4 | n5 | 
15 reg file Ikup ! | | ol | ca | XX | nl | n2 | n3 | n4 | 

ALU/shftr/cc | | | | ol | ca | XX | nl | n2 | n3 | 
write back | | | | J ol j ca | XX | nl | n2 | 

where ox is old context flow 
20 br is branch microword in old context 

ca is context rearbitration (causes context switch) 
nx is new context flow 
XX is aborted microword 

25 In a context switch the **br" microword is aborted to evoid control and 

timing complexities that could be caused by saving the correct old c*.. ritext PC. 

Conditional branches that operate on ALU condition codes which are set 
on the microword before the branch can select 0, 1 or 2-cycle branch deferment modes. 
Condition codes set 2 or more microwords before the conditional branch that operates on 

30 them can select 0 or 1 -cycle branch deferment modes. All other branches (including 
context rearbitrations) can select either 0 or 1 -cycle branch deferment modes. The 
architecture could be designed to make a context aibitration microword within a branch 
deferment window of a preceding branch, jump or context arbitration microword, an 
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illegal option. That is, in some embodiments, a context swap would not be allowed to 
occur during a branch transition because as mentioned, it could unduly complicate saving 
of the old context program counter (PC). The architecture could also be designed to make 
branching within the branch deferment window of a preceding branch, jump or context 
5 arbitration microword illegal to avoid complicated and possible unpredictable branch 
behaviors. 

The context swap instruction CTX_ARB sw^s a currently running 
context in a specified microengine out to memory to let another context execute in that 
microengine. The context swap instruction CTX_ARB also wakes up the swapped out 
10 context when a specified signal is activated. The format for the context swap instraction 
is: 

ctx__arb[parameter], optional_token 
The "parameter" field can have one of several values. If the parameter is 
specified as "sram Swap", the context swap instruction will swap out the current context 
15 and wake it up when the thread's SRAM signal is received. If the parameter is specified 
as "sram Swap", the context swap instraction will swap out the current context and wake 
it up when the thread's SDRAM signal is received. The parameter can also be specified 
as "FBI" and swap out the current context and wake it up when the thread's FBI signal is 
received. The FBI signal indicates that an FBI CSR, Scratchpad, TFIFO, or RFIFO 
operation has completed. 

The parameter can also be specified as 
"seq_numl_change/seq_num2_change", which swaps out the current context and wakes 
it up when the value of the sequence number changes. The parameter can be specified as 
"inter_thread" which swaps out the current context and wakes it up when the threads 
interthread signal is received, or "voluntary" which will swap out the current context if 
another thread is ready to run, otherwise do not swap. If the thread is swapped, it is 
automatically re-enabled to run at some subsequent context arbitration point. The 
parameter can be "auto_push" which swaps out the current context and wakes it up when 
SRAM transfer read register data has been automatically pushed by the FBus interface, or 
a "start__receive" that swaps out the current context and wake it up when new packet data 
in the receive FIFO is available for this thread to process. 

The parameter can also be "kill" which prevents the cmrent context or 
thread fi:-om executing again imtil the appropriate enable bit for the thread is set in a 
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CTX__ENABLES register, *'pci" which swaps out the current context and wake it up when 
the PCI unit signals that a DMA transfer has been completed. 

The context swap instruction CTX_AKB can have the following 
optionaI_token, defer one which specifies that one instruction will be executed after this 
reference before the context is swapped. 

Each microengine 22a*22f supports multi-threaded execution of four 
contexts. One reason for this is to allow one thread to start executing just after another 
thread issues a memory reference and must wait until that reference completes before 
doing more work. This behavior is critical to maintaining eflBcient hardware execution of 
the microengines because memory latency is significant. Stated differently, if only a 
single thread execution was supported, the microengines would sit idle for a significant 
nvimber of cycles waiting for references to return and thus reduce overall computational 
throughput. Multi-threaded execution allows an microengines to hide memory latency by 
performing useftil independent work across several threads. Two synchronization 
mechanisms are supplied in order to allow a thread to issue an SRAM or SDRAM 
reference, and then subsequently synchronize to the point in time when that reference 
completes. 

One mechanism is Immediate Synchronization. In immediate 
synchronization, the microengine issues the reference and immediately swap out that 
context. The context will be signaled when the corresponding reference completes. Once 
signaled, the context will be swapped back in for execution when a context-swap event 
occurs and it is its turn to run. Thus, from the point of view of a single context's 
instmction stream, the microword after issuing the mem reference does not get executed 
until the reference completes. 

A second mechanism is Delayed Synchronization. In delayed 
synchronization, the microengine issues the reference, and then continues to execute 
some other useftil work independent of the reference. Some time later it could become 
necessary to synchronize the thread's execution stream to the completion of the issued 
reference before ftirther work is performed. At this point a synchronizing microword is 
executed that will either swap out the current thread, and swap it back in sometime later 
when the refiarence has completed, or continue executing the current thread because the 
reference has already completed. Delayed synchronization is implemented using two 
different signaling schemes: 
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If the memory reference is associated with a transfer register, the signal 
from which the thread is triggered is generated when the corresponding transfer register 
valid bit is set or cleared. For example, an SRAM read which deposits data into transfer 
register A would be signaled when the vahd bit for A is set. If the memory reference is 
associated with the transfer FIFO or the receive FIFO, instead of a transfer register, then 
the signal is generated when the reference completes in the SDRAM controller 26a. Only 
one signal state per context is held in the microengines scheduler, thus only one 
outstanding signal can exist in this scheme. 

There are at least two general operational paradigms from which 
microcontroller micro-programs could be designed. One would be that overall 
microcontroller compute throughput and overall memory bandwidth are optimized at the 
expense of smgle thread execution latency. This paradigm would make sense when the 
system has multiple microengines executing multiple threads per microengine on 
unrelated data packets. 

A second one is that microengine execution latency should be optimized at 
the expense of overall microengine compute throughput and overall memory bandwidth. 
This paradigm could involve execution of a thread with a real-time constraint, that is, a 
constraint which dictates that some work must absolutely be done by some specified time. 
Such a constraint requires that optimization of the single thread execution be given 
priority over other considerations such as memory bandwidth or overall computational 
throughput. A real-time thread would imply a single microengine that executes only one 
thread. Multiple threads would not be handled because the goal is to allow the single 
real-time thread to execute as soon as possible-execution of multiple threads would 
hinder this ability. 

The coding style of these two paradigms could be significantly different 
with regard to issuing memory references and context switching. In the real time case, 
the goal is to issue as many memory references as soon as possible in order to minimize 
the memory latency incurred by those references. Having issued as many references as 
early as possible the goal would be to perform as many computations as the microengines 
as possible in parallel with the references. A computation flow that corresponds to real- 
time optimization is: 

o) issue mem ref 1 

o) issuemrairef 2 
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o) issue mem ref 3 

o) perfomi work independent of mem refs 1, 2 and 3 
o) synch to completion of mem ref 1 

o) perform work dependent on mem ref 1 and independent of mem ref 2 and 3 
o) issue any new mem refs based on preceding work, 
o) synch to completion of mem ref 2 

o) perform work dependent on mem ref 1 and 2 independent of mem ref 3 

o) issue any new mem refs based on preceding work, 

o) synch to completion of mem ref 3 

o) perform work dependent on the completion of all 3 refs 

o) issue any new mem refs based on preceding work. 

In contrast, optimization for throughput and bandwidth would take a 
different approach. With optimization for microengine computational throughput and 
overall memory bandwidth less consideration is given to single thread execution latency. 
To accomplish this, the goal would be to equally space memory refCTcnces across the 
microprogram for each thread. This would provide a uniform stream of memory 
references to the SRAM and SDRAM controllers and would maximize the probability 
that 1 thread is always available to hide the memory latency incurred when another thread 
is swapped out 

Register file address types: 

Referring to FIG. 6, the two register address spaces that exist are Locally 
accessibly registers, and Globally accessible registers accessible by all microengines. 
The General Purpose Registers (GPRs) are implemented as two separate banks (A bank 
and B bank) whose addresses are interleaved on a word-by-word basis such that A bank 
registers have lsb=0, and B bank registers have lsb=l. Each bank is capable of 
performing a simultaneous read and write to two different words within its bank. 

Across banks A and B, the register set 76b is also organized into four 
windows 76bo-76b3 of 32 registers that are relatively addressable per thread. Thus, 
thread_0 will find its register 0 at 77a (register 0), the thready 1 will find its register__0 at 
77b (register 32), thread_2 will find its register_0 at 77c (register 64), and thread_3 at 77d 
(register 96). Relative addressing is supported so that multiple tfuieads can use the exact 
same control store and locations but access difTerent windows of register and perfomi 
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different functions. The uses of register window addressing and bank addressing provide 
the requisite read bandwidth using only dual ported RAMS in the microengine 22f. 

These windowed registers do not have to save data from context switch to 
context switch so that the normal push and pop of a context swap file or stack is 
eliminated. Context switching here has a 0 cycle overhead for changing from one context 
to another. Relative register addressing divides the register banks into windows across 
the address width of the general purpose register set. Relative addressing allows access 
any of the windows relative to the starting point of the window. Absolute addressing is 
also supported in this architecture where any one of the absolute registers may be 
accessed by any of the threads by providing the exact address of the register. 

Addressing of general purpose registers 78 can occur in 2 modes 
depending on the microword format. The two modes are absolute and relative. In 
absolute mode, addressing of a register address is directly specified in 7-bit source field 
(a6-a0orb6-b0): 

7 6 5 4 3 2 1 0 

+ — + — + — + — + — + — + — + — + 

AGPR: I a6| 0 I a5| a4| a3| a2| all aO| a6=0 
B GPR: I b6| 1 I b5| b4| b3| b2| bl | bO| b6=0 

SRAM/ASB:| a6| a5| a4| 0 | a3| a2| al| aO| a6=l, a5=0. a4=0 SDRAM: 
Ia6|a5|a4|0|a3(a2|al|a0| a6=l, a5=0, a4=l 

register address directly specified in 8-bit dest field (d7-d0): 

7 6 5 4 3 2 1 0 

+ — + + + — + — H + + + 

A GPR: I d7| d6| d5| d4| d3| d2| dl | d0| d7=0, d6=0 
B GPR: I d7| d6| d5| d4| d3| d2| dl| d0| d7=0. d6=l 
SRAM/ASB:| d7| d6| d5| d4| d3| d2| dl| dO| d7=l, d6=0, d5=0 
SDRAM: ( d7| d6| d5| d4| d3| d2| dl| dO| d7=l, d6=0, d5=l 

If <a6:a5>=l,l, <b6:b5>=l,l, or <d7:d6>=l,l then the lower bits are 
interpreted as a context-relative address field (described below). When a non-relative A 
or B source address is specified in the A, B absolute field, only the lower half of the 
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SRAM/ASB and SDRAM address spaces can be addressed. Effectively, reading 
absolute SRAM/SDRAM devices has the effective address space; however, since this 
restriction does not apply to the dest field, writing the SRAM/SDRAM still uses the full 
address space. 

Li relative mode, addresses a specified address is offset within context 
space as defined by a 5-bit source field (a4-aO or b4-b0): 

7 6 5 4 3 2 1 0 

+ — + -f — + 4- + — + -h — + 

AGPR: |a4|0|context|a3|a2|al|a0|a4=0 
B GPR: I b4| 1 |context| b3| b2| bl | bO| b4=0 
SRAM/ASB:|ab4| 0 |ab3|context| b2| bl|abO| ab4=l, ab3==0 
SDRAM: |ab4| 0 |ab3|context| b2| bl|abO| ab4=l, ab3=l 

or as defined by the 6-bit dest field (d5-d0): 

7 6 5 4 3 2 1 0 

+ — -h — h — H + — +— + — + 

AGPR: |d5|d4|context|d3|d2|dl|d0| d5-0,d4=0 
BGPR: |d5id4icontext|d3|d2|dl|d0| d5=0, d4=l 
SRAM/ASB:| d5| d4| d3|context| d2| dl | d0| d5=l, d4==0, d3=0 
SDRAM: | d5| d4| d3|context| d2| dl| dO| d5-l, d4=0, d3=l 

If <d5:d4>=l,l, then the destination address does not address a valid 
register, thus, no dest operand is vmtten back. 

The following registers are globally accessible fi-om the microengines and 
the memory controllers: 

hash unit registers 

scratchpad and conmion registers 

receive FIFO and receive status FIFO 

transmit FIFO 

transmit control FIFO 
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The microengines are not interrupt driven. Each microflow executes until 
completion and then a new flow is chosen based on state signaled by other devices in the 
processor 12. 

Referring to FIG. 7, the SDRAM memory controller 26a includes memory 
5 reference queues 90 where memory reference requests arrive from the various 

microengines 22a-22f. The memory controller 26a includes an arbiter 91 that selects the 
next the microengine reference requests to go to any of the functioning units. Given that 
one of the microengines is providing a reference request, the reference request will come 
through the address and conmiand queue 90, inside the SDRAM controller 26a. If the 

1 0 reference request has a bit set called the "optimized MEM bit" the incoming reference 
request will be sorted into either the even bank queue 90a or the odd bank queue 90b. If 
the memory reference request does not have a memory optimization bit set, the default 
will be to go into an order queue 90c. The SDRAM controller 26 is a resource which is 
shared among the FBUS interface 28, the core processor 20 and the PCI interface 24. The 

1 5 SDRAM controller 26 also maintains a state machine for performing READ-MODIFY- 
Write atomic operations. The SDRAM controller 26 also performs byte alignment for 
requests of data from SDRAM. 

The order queue 90c maintains the order of reference requests from the 
microengines. With a series of odd and even banks references it may be required that a 

20 signal is returned only upon completion of a sequence of memory references to both the 
odd and even banks. If the microengine 22 f sorts the memory references into odd bank 
and even bank references and one of the banks, e.g., the even bank is drained of memory 
references before the odd bank but the signal is asserted on the last even reference, the 
memory controller 26a could conceivably signal back to a microengine that the memory 

25 request had completed, even though the odd bank reference had not been serviced. This 
occurrence could cause a coherency problem. The situation is avoided by providing the 
order queue 90c allowing a microengine to have multiple memory references outstanding 
of which only its last memory reference needs to signal a completion. 

The SDRAM controller 26a also includes a high priority queue 90d. In the 

30 high priority queue 90d, an incoming memory reference from one of the microengines 

goes directly to the high priority queue and is operated upon at a higher priority than other 
memory references in the other queues. All of these queues, the even bank queue 90a, the 
odd bank queue 90b, the order queue 90c and the high priority queue, are implemented in 
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a single RAM structure that is logically segmented into four different windows, each 
window having its own head and tail pointer. Since filling and draining operations are 
only a single input and a single output, they can be placed into the same RAM structure to 
increase density of RAM structures. 

The SDRAM controller 26a also includes core bus interface logic i.e., 
ASB bus 92. The ASB bus interface logic 92 interfaces the core processor 20 to the 
SDRAM controller 26a. The ASB bus is a bus that includes a 32 bit data path and a 28 
bit address path. The data is accessed to and from memory through MEM ASB data 
device 98, e.g., a buffer. MEM ASB data device 98 is a queue for write data. If there is 
incoming data from the core processor 20 via ASB interface 92, the data can be stored 
into the MEM ASB device 98 and subsequently removed from MEM ASB device 98 
through the SDRAM interface 110 to SDRAM memory 16a. Althou^ not shown, the 
same queue structure can be provided for the reads. The SDRAM controller 26a also 
includes an engine 97 to pull data from the microengines and PCI bus. 

Additional queues include the PCI address queue 94 and ASB read/write 
queue 96 that maintain a number of requests. The memory requests are sent to SDRAM 
interface 110 via multiplexer 106. The multiplexer 106 is controlled by the SDRAM 
arbiter 91 which detects the fullness of each of the queues and the status of the requests 
and from that decides priority based on a programmable value stored in a priority service 
control register 100. 

Once control to the multiplexer 106 selects a memory reference request, 
the memory reference request, is sent to a decoder 108 where it is decoded and an address 
is generated. The decoded address is sent to the SDRAM interface 110 where it is 
decomposed into row and column address strobes to access the SDRAM 16a and write or 
read data over data lines 16a sending data to bus 1 12. In one implementation, bus 1 12 is 
actually two separate buses instead of a single bus. The separate buses would include a 
read bus coupling the distributed microengines 22a-22f and a write bus coupling the 
distributed microengines 22a-22f. 

A feature of the SDRAM controller 26a is that when a memory reference 
is stored in the queues 90, in addition to the optimized MEM bit that can be set, there is a 
"chaining bit". The chaining bit when set allows for special handling of contiguous 
memory references. As previously mentioned, the arbiter 12 controls which microengine 
will be selected to provide memory reference requests over the commander bus to queue 
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90 (FIG. 7). Assertion of the chain bit will control the arbiter to have the arbiter select the 
functional unit which previously requested that bus because setting of the chain bit 
indicates that the microengine issued a chain request. 

Contiguous memory references will be received in queue 90 when the 
chaining bit is set. Those contiguous references will typically be stored in the order 
queue 90c because the contiguous memory references are multiple memory references 
from a single thread. In order to provide synchronization, the memory controller 26a 
need only signal at the end of the chained memory references when done. However, in an 
optimized memory chaining, (e..g, when optimized MEM bit and chaining bit are set) the 
memory references could go into different banks and potentially complete on one of the 
banks issuing the signal "done" before the other bank was fully drained, thus destroying 
coherency. Therefore, the chain bit is used by the controller 110 to maintain the memory 
references from the current queue. 

Referring to FIG. 7A, a flow representation of the arbitration policy in the 
SDRAM controller 26a is shown. The arbitration policy favors chained microengine 
memory requests. The process 1 15 starts by examining for Chained microengine memory 
reference requests 1 15a , The process 1 15 stays at the chained requests until the chain bit 
is cleared. The process examines ASB bus requests 1 15b followed by PCI bus requests 
1 15c, High Priority Queue Service 1 15d, Opposite Bank Requests 1 15e, Order Queue 
Requests 1 15f, and Same Bank Requests 1 15g. Chained request are serviced completely, 
whereas services 115b-l 1 5d are serviced in round robin order. Only when services 1 15a- 
1 1 5d are fully drained does the process handle services 1 15e-l 15g. Chained 
microengine memory reference requests are when the previous SDRAM memory request 
has the chain bit set. When the chain bit is set then the arbitration engine simply services 
the same queue again, until the chain bit is cleared. The ASB is higher priority than PCI 
due to the severe performance penalty imposed on the Strong arm core when the ASB is 
in wait state. PCI has higher priority than the microengines due to the latency 
requirements of PCI. However with other buses, the arbitration priority could be 
different. 

As shown in FIG. 7B, typical timing of a memory Avithout active memory 
optimization and with active memory optimization is shown. As can be seen, the use of 
active memory optimizations maxinndzes the use of the bus and thus hides the inherent 
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latency within physical SDRAM devices. In this example, a non-optimized access can 
take 14 cycles while optimized access can take 7 cyles. 

Referring to FIG. 8, the memory controller 26b for the SRAM is shown. 
The memory controller 26b includes an address and command queue 120. While the 
memory controller 26a (FIG. 7) has a queue for memory optimization based on odd and 
even banking, memory controller 26b is optimized based on the type of memory 
operation, i.e., a read or a write. The address and command queue 120 includes a high 
priority queue 120a, a read queue 120b which is the predominant memory reference 
function that an SRAM performs, and an order queue 120c which in general will include 
all writes to SRAM and reads that are to be non-optimized. Although not shown, the 
address and command queue 120 could also include a write queue. 

The SRAM controller 26b also includes core bus interface logic i.e., ASB 
bus 122. The ASB bus interface logic 122 interfaces the core processor 20 to the SRAM 
control!^ 26b. The ASB bus is a bus that includes a 32 bit data path and a 28 bit address 
path. The data is accessed to and from memory through MEM ASB data device 128, e.g., 
a buffer. MEM ASB data device 128 is a queue for write data. If there is incoming data 
from the core processor 20 via ASB interface 122, the data can be stored into the MEM 
ASB device 128 and subsequently removed from MEM ASB device 128 through SRAM 
interface 140 to SRAM memory 16b. Although not shown, the same queue structure can 
be provided for reads. The SRAM controller 26b also includes an engine 127 to pull data 
from the microengines and PCI bus. 

The memory requests are sent to SRAM interface 140 via multiplexer 126. 
The multiplexer 126 is controlled by the SRAM arbiter 131 which detects the fullness of 
each of the queues and the status of the requests and from that decides priority based on a 
programmable value stored in a priority service control register 130. Once control to the 
multiplexer 126 selects a memory reference request, the memory reference request, is sent 
to a decoder 138 where it is decoded and an address is generated. 

The SRAM Unit maintains control of the Memory Mapped off-chip 
SRAM and Expansion ROM. The SRAM controller 26b can address, e.g., 16 MBytes, 
with, e.g., 8 MBytes mapped for SRAM 16b, and 8 MB3^es reserved for special functions 
including: Boot space via flashrom 16c; and Console port access for MAC devices 13a, 
13b and access to associated (RMON) counters. The SRAM is used for local look-up 
tables and queue management functions. 

28 



wo 01/18646 



PCT/USOO/23992 



The SRAM controller 26b supports the following transactions: 

Microengine requests (via private bus) to/from SRAM. 
Core Processor (via ASB bus) to/from SRAM. 

The SRAM controller 26b perfonns memory reference sorting to minimize 
delays (bubbles) in the pipeline from the SRAM interface 140 to memory 16b. The 
SRAM controller 26b does memory reference sorting based on the read function. A 
bubble can either be 1 or 2 cycles depending on the type of memory device employed. 

The SRAM controller 26b includes a lock lookup device 142 which is an 
eight (8 entry address content addressable memory for look-ups of read locks. Each 
position include a valid bit that is examined by subsequent read-lock requests. The 
address and command queue 120 also includes a Read Lock Fail Queue 120d. The Read 
Lock Fail Queue 120d is used to hold read memory reference requests that fail because of 
a lock existing on a portion of memory. That is, one of the microengines issues a 
memory request that has a read lock request that is processed in address and control 
queue 120. The memory request will operate on either the order queue 120c or the read 
queue 120b and will recognize it as a read lock request. The controller 26b will access 
lock lookup device 142 to detomine whether this memory location is already locked. If 
this memory location is locked from any prior read lock request, then this memory lock 
request will fail and will be stored in the read lock fail queue 120d. If it is unlocked or if 
142 shows no lock on that address, then the address of that memory reference will be 
used by the SRAM interface 140 to perform a traditional SRAM address read/write 
request to memory 16b. The command controller and address generator 138 will also 
enter the lock into the lock look up device 142 so that subsequent read lock requests will 
find the memory location locked. A memory location is unlocked by operation of the a 
microcontrol instruction in a program after the need for the lock has ended. The location 
is unlocked by clearing the valid bit in the CAM, After an unlock, the read lock fail 
queue 120d becomes the highest priority queue giving all queued read lock misses, a 
chance to issue a memory lock request. 

Referring to FIG. 9, communication between the microengines 22 and the 
FBUS interface Logic (FBI) is shown. The FBUS interface 28 in a network application 
can performs header processing of incoming packets from the FBUS 18. A key frmction 
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which the FBUS interface perforais is extraction of packet headers, and a 
microprogrammable source/destination/protocol hashed lookup in SRAM . If the hash 
does not successfully resolve, the packet header is promoted to the core processor 28 for 
more sophisticated processing. 
5 The FBI 28 contains a Transmit FIFO 1 82, a Receive FIFO 1 83, a HASH 

imit 188 and FBI control and status registers 189. These four units commvinicate with the 
microengines 22, via a time-multiplexed access to the SRAM bus 38 which is connected 
to the transfer registers 78, 80 in the microengines. That is, all conunurdcations to and 
from the microengines are via the transfer registers 78, 80. The FBUS interface 28 
10 includes a push state machine 200 for pushing data into the transfer registers during the 
time cycles which the SRAM is NOT using the SRAM data bus (part of bus 38) and a 
pull state machine 202 for fetching data from the transfer registers in the respective 
microengine. 

The Hashing unit includes a pair of FIFO=s 188a, 188b. The hash unit 
15 determines that the FBI 28 received an FBI_hash request. The hash unit 188 fetches hash 
keys from the calling microengine 22. After the keys are fetched and hashed, the indices 
are delivered back to the calling microengine 22. Up to three hashes are perfomied under 
a single FBI_hash request. The busses 34 and 38 are each unidirectional: 
SDRAM_push/pull_data, and Sbus_push/pull_data. Each of these busses require control 
20 signals which will provide read/write controls to the appropriate microengine 22 Transfer 
registers. 

Generally, transfer registers require protection from the context controlling 
them to guarantee read correctoess. In particular, if a write transfer register is being used 
by a thread_l to provide data to the SDRAM 16a, thread_l must not overwrite this 

25 register until the signal back from SDRAM controller 26a indicates that this register has 
been promoted and may now be re-used. Every write does not require a signal back from 
the destination indicating that the function has been completed, because if the thread 
writes to the same command queue at that destination with multiple requests, the order of 
the completion is guaranteed within that command queue, thus only the last command 

30 requires the signaling back to the thread. However, if the thread uses multiple command 
queues (order and read), then these command requests must be broken into separate 
context tasks, so that ordering is maintained via context swapping. The exception case 
indicated at the beginning of this paragraph is relative to a certain class of operations 
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using an unsolicited PUSH to transfer registers from the FBI for FBUS status 
information. In order to protect read/write determinism on the transfer registers, the FBI 
provides a special Push_protect signal when these special FBI push operations are set up. 

Any microengine 22 that uses the FBI unsolicited push technique must test 
the protection flag prior to accessing the FBUS interface/microengine agreed upon 
transfer registers. If the flag is not asserted, then the transfer registers may be accessed by 
the microengine. If the flag is Asserted then the context should wait N cycles prior to 
accessing the registers. A priori this count is determined by the number of transfer 
registers being pushed, plus a frontend protection window. The basic idea is that the 
Microengine must test this flag then quickly move the data which it wishes to read from 
the read transfer registers to GPR's in contiguous cycles, so the push engine does not 
collide with the Microengine read. 

Other embodiments are within the scope of the following claims. 
What is claimed is: 
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1 . A computer instruction comprises: 

a context branch that causes an instruction stream to branch to another 
instruction stream having an address at a specified label based on whether or not a current 
context number matches a specified context number. 

2. The context branch instruction of claim 1 wherein the instruction has the 
following format 

bT=ctx[ctx, label#], optionaMoken 
br!=ctx[ctx, label#], optional_token 

3. The context branch instruction of claim 2 wherein the label# is a symbolic 
label corresponding to the address of an instraction, ctx is the context number. 

4. The context branch instruction of claim 3 wherein the context number has 
valid values of 0, 1, 2, or 3. 

5. The context branch instruction of claim 1 wherein the mstmction has an 
optional token. 

6. The context branch instruction of claim 5 wherein the instruction has an 
optional token that defer causes a processor to execute the instruction following branch 
instruction before performing the branch operation. 

7. A method of operating a processor comprises: 

evaluating a context number of a executing context to determine whether 
the context number of the executing context matches a specified context number; and 

branching to an specified instmction in accordance with evaluating the 
context number of the executing context. 

8. The method of claim 7 wherein branching fiirther comprises: 
branching if the executing context mmiber matches the specified context 

number. 
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9. The method of claim 7 wherein the context number has valid values of 0, 
1,2, or 3. 

10. A processor that can execute multiple contexts and that comprises: 
a register stack; 

a program coimter for each executing context; 

an arithmetic logic unit coupled to the register stack and a program control 
store that stores a context swap instruction that causes the processor to: 

evaluate a context number of a executing context to determine whether the 
context number of the executing context matches a specified context number; and 

branch to a specified instruction in accordance with evaluating the context 
number of the executing context. 

1 1 . The processor of claim 1 0 wherein a branch occurs if the executing context 
1 5 nimiber matches the specified context number. 

12. The processor of claim 10 wherein the context number has valid values of 
0, 1,2, or 3. 

13. A computer program product residing on a computer readable medium for 
causing a processor that executes multiple contexts to perform a function comprises 
instructions causing the processor to: 

evaluate a context number of a executing context to determine whether the 
context number of the executing context matches a specified context number; and 

branch to a specified instruction in accordance with evaluating the context 
number of the executing context. 

14. The product of claim 13 wherein a branch occurs if the executing context 
number matches the specified context number. 

30 

15. The product of claim 1 3 wherein the context number has valid values of 0, 
1,2, or 3. 
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ABSTRACT 

A parallel hardware-based multithreaded processor (12) is described. The 
processor (12) includes a general purpose processor that coordinates system functions 
and a plurality of microengines (22a-22f) that support multiple hardware threads or 
contexts. The processor (12) also includes a memory control system (16) that has a first 
memory controller (26a) that sorts memory references based on whether the memory 
references are directed to an even bank or an odd bank of memory and a second memory 
controller (26b) that optimizes memory references based upon whether the memory 
references are read references or write references. Instructions for switching and 
branching based on executing contexts are also disclosed. 

10166321.doc 



34 



wo 01/18646 



XIJ i J fe S .B O Ei i 8 

Matter No.: 10559-307US1 Page 1 of 13 ^ 

Applicant(s): Gilbert Wolrich et al. 

BRANCH INSTRUCTION FOR MULTITHREADED 

PROCESSOR PCT/USOO/23992 



1/13 




SDRAM, 
16a 




McoHiry Unit 



Mbin4tf3:9| 



AMBA|31:0| 



SRAM Unit 
Fb«/AMSA 



PROCESSOR 
Cdre,20 




'MicrDengincs, 22 



p/(^. 1. 



Matter No.: 10559-307US1 Page 2 of 13 

Applicant{s): Gilbert Wolrich et al. 
WO 01/18646 BRANCH INSTRUCTION FOR MULTITHREADED 

PROCESSOR ' ' PCT/USOO/23992 



2/13 




- - :t.CiC|j&^9 BCI 5 :AMfMMM^ 

Matter No.: 10559-307US1 Paae3of1-l * 

Applicant(s): Gilbert Wolrich at al ^ 

?RScissSI^''^^^'°'^ '^^'^ MULTITHREADED PCT/USOO/23992 



3/13 




Matter No.: 10559-307US1 Page 4 of 13 

Applicants): Gilbert Wolrich et al. 
WO 01/18646 BRANCH INSTRUCTION FOR MULTITHREADED , PCT/USOO/23992 

PROCESSOR 



A/13 



82a, LOOKUP 
MICROINSTRUCnONS 




r 


82b. FORM REGISTER 
FILE ADDRESSES 




f 


82c FETCH OPERANDS 




r 



824 ALU OPERATION 



82d, WRITE-B AdC 
OF RESULTS 



no. H 



Matter No.: 10559-307US1 Page 5 of 13 " 

Applicant(s): Gilbert Wolrich et al. 
WO 01/18646 BRANCH INSTRUCTION FOR MULTITHREADED PCT/USOO/23992 
PROCESSOR 



5/13 



branch xnstnictioa: 

31 30 29 28 27 2C 25 24 23 22 21 20 19 19 11 16 15 14 13 12 II lO 9 6 



BMHCH .' ^ In ' ! , ^ I ^' lc^«iitkl«*pipi«ct«»d«l tori Branch AxKlrcss Idenn^bl bcancti csdl 

deft>r A value of 0, I or 2 may be specified. If non-zeiv. the value indicales that the following I or 2 micnywoids will be aUowed to 
execute before the branch operatum takes place. 

gb: If set, guess thai the branch paih will be taken, thus prefetch ihc branch microword adtbess. Otherwise mcietch the nan. 
branchpath. This field is only allowed to be set when defbt-0 or dcfb?-> I. 

branch address: branch address conditionally or nnoonditiaiially selected. 

br^maslc Is decoded to the following options: 

1) unconditional brarich 

2) branch when ALU<31>« I (<0) 

3) branch when ALUO I >«>0(>«0) 

4) branch when ALUOI>«l OR ALU<31:0>«0(<*0) 

5) branch when ALUO I >^ AND ALU<3 1 :0>f=0 (>0) 

6) branch when ALUO 1:0>»0(H)) 

7) branch %»hen ALUO 1 :0>«1 (!-0) 

8) branch when specified comext mask - current context 

9) branch when specified context nuBk J- currEmconBcxt 

10) branch <Mi cany-out set 

11) branch on carry -out clear 

15) look at extended branch field to fiiitber decode branch type 

extended_bn branches on variotis context-swapping signals or other signals. 

evpip: indicates pipe stage that this branch should be evaluated in 

c msk: speciHes a context number with which to conditionally branch on. 

branch cmd: further specifies the type of branch, e.g.. looks at condition codes or some other branch criteria. 



FIG. 5A 



wo 01/18646 



Matter No.: 10559-307US1 ^^9^ ® 

AnolicanUsV Gilbert Wolrich et al. 

BRANCH INSTRUCTION FOR MULTITHREADED PCT/USOO/23992 



PROCESSOR 



6/13 



29 29 27 2C 25 24 23 22 21 20 19 18 11 16 1ft 14 U 12 



XI II Qldbtxxi 




8 • fBI 128 - SCO MM tSB 

1« - IHTOt THKEKD " ~ 

32 • PCl_l»a I 
«4 • PCI WfTl 



•iij jT'tt .irM ,^:r... in::** ir-:H in:::: -s^iw :rrtj^j*Mr*ii/:::<T 



WO 01/18646 



Matter No.: lOSSQ-SOyUSI Page 7 of 13 

Applicant(s): Gilbert Wolrich et al. 

BRANCH INSTRUCTION FOR MULTITHREADED 

PROCESSOR 



PCT/USOO/23992 



7/13 



BBANK 



A BANK 



< 



> 



THREAD 3 



> 
> 



THREAD 0 



THREAD 3 



^^THREAD^O 



Matter No.: 10559-307US1 Page 8 of 13 ^ *^ 

Applicant{s): Gilbert Wolrich et al. 
wo 01/18646 BRANCH INSTRUCTION FOR MULTITHREADED PCT/USOO/23992 



8/13 




Matter No.: 10559-307US1 Page 9 of 13 

Applicant(s): Gilbert Wblrich et al. 
wo 01/18646 MULTITHREADED PCT/USOO/23992 



9/13 




'HI jHii :n ^iL. a ;«*■« ;ij 



WO 01/18646 



Matter No.: 10559-307US1 
Applicant(s): Gilbert Wolrich et al 
^^JNCmNSTRUCTION FOR MULTITHREADED 



Page 10 of 13 



PCT/USOO/23992 



10/13 




wo 01/18646 



Matter No.: 10559-307US1 Page 1 1 of 13 

Applicants); Gilbert Wolrich at al. 

BRANCH INSTRUCTION FOR MULTITHREADED 

PROCESSOR 



PCT/USOO/23992 



11/13 



CAM " 



/ 



/ 



1'' 



- j I ■^«>''f I air Ktr 



PO.VI.fl.n.MMM 



2^ 



— ri- iM 




Matter No.: 10559-307US1 
Applicant(s): Gilbert Wolrich et al. 
BRANCH INSTRUCTION FOR MULTITHREADED 
WO 01/18646 PROCESSOR PCTAJSOO/23992 



12/13 



4 Writes and 4 Reads followed by more reads with optimization 

sdk _/ W W W W 0 W \7 W W \7 \J\j'\J'\l 



1 



\ / 

DQ f ; ; ; 



hole hole 
4 Writes and 4 Reads without optimization 
sclk _/ W W W W w W W w w w 
wcj W w ^ •} 



\ / 



* ^ ^ \ / \ / \ / 

bole hole hole '"hole ""hole '^ic 



10 cycles vs. 14. 

FIG. 



wo 01/18646 



13/13 




F/G. ^ 



Attorney's Docket No.: 10559-307US1 
Client's Ref. No.: P9628 

COMBINED DECLARATION AND POWER OF ATTORNEY 

As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated below next to my name, 

I believe I am the original, first and sole inventor (if only one name is listed below) or an original, first and 
joint inventor (if plural names are listed below) of the subject matter which is claimed and for which a patent is 
sought on the invention entitled BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR, the 
specification of which: 

[] is attached hereto. 

[X] was filed on February 25.2002 as Application Serial No. 10/069.805 and was amended on 



[] was described and clain^d in PCT International Application No. filed on 

and as amended imder PCT Article 19 on . 



I hereby state that I have reviewed and understand the contents of the above-identified specification, 
including the claims, as amended by any amendment referred to above. 

I acknowledge the duty to disclose all information I know to be material to patentability in accordance with 
Title 37, Code of Federal Regulations, § L56. 

I hereby claim foreign priority benefits under Title 35, United States Code, § 1 19 of any foreign 
application(s) for patent or inventor's certificate or of any PCT international application(s) designating at least one 
country other than the United States of America listed below and have also identified below any foreign application 
for patent or inventor*s certificate or any PCT international application(s) designating at least one country other than 
the United States of America filed by me on the same subject matter having a filing date before that of the 
application(s) of which priority is claimed: 

Country Application No, Filing Date Priority Claimed 

WIPO PCT/USOO/23992 08/31/2000 [X] Yes [] No 

[] Yes [] No 

I hereby appoint the following attorneys and/or agents to prosecute this application and to transact all 
business in the Patent and Trademark Office connected therewith: 

Scott C. Harris, Reg. No . 32,030 ^ Denis G. Maloney, Reg. No. 29,670 

David L. Feigenbaum, Reg. No. Ji0,378 ^ Kenneth F. Kozik, Reg. No. 36,572 ~^ 

Christina Sperry, Reg. No^7,lQ6^ Paul A. Pysher, Reg. N o^ 40.780 

Cathy L. Peterson, Reg. No . 41,249 

Address all telephone calls to DENIS G. MALONEY at telephone number (617) 542-5070. 

Address all correspondence to DENIS G. MALONEY at: 

FISH & RICH ARDSQ^BjCt— 
" TSS Franklm Street 
Boston, Massachusetts 021 10-2804 



I hereby declare that all statements made herein of my own knowledge are true and that all statements made 
on information and belief are believed to be true; and further that these statements were made with the knowledge 
that willful false statements and the like so made are punishable by fine or imprisonment, or both, under Section 
1001 of Title 18 of the United States Code and that such willful false statements may jeopardize the validity of the 
application or any patents issued thereon. 




J. i J H J Mi S;^ li ^ X J., ii -il 



Attorney's Docket No.: 10559-307USI 
Client's Ref. No.: P9628 



Combined Declaration and Poi^er of Attorney 

Page 2 of 8 Pages 



Full Name of Inventor: GILBERT WOLRICH ' ' 




Inventor's Signature: 

Residence Address: •FnimingnaTn,.jviA a y\ 
Citizenship: ^*TJmted States / '/Y 

Post Office Address: 4 Cider Mill Road 

Framingham, MA 01701 

FuU Name of Inventor: MA^fpE^ J.^ADIf^ETTA 'p^^'^ 



^'^Ae^^ Dater' ^X^ Q^f^^Zo O^ 





Inventor's Signature: 

Residence Address: Worcester, M AV p/7/1 /V- 
Citizenship: United States"' ^ I / \ 

Post Office Address: 20 Monticello Drive 
Worcester. MA 01603 



Full Name of Inventor: WILLIAM R. WHEELER 



Date: ^Joi^ 



Inventor's Signature: ^yC^^^. ^ *^^A^^</^ Date: C?f/9/6% 

Residence Address: Southfeorou& ,^^ 
Citizenship: United States / ' /"f 

Post Office Address: 9 Darlene Drive 

SouOiborough, MA 01772 

Full Name of Inventor: DEBRA BERNSITBIN 



EBRA BERNSTOIN ^ H^^S^^^ 

Inventor's Signature: T&JIA/L &Lon^ii^ Date: ^lu>l0Q^ 

Residence Address: Sudbur y, MA Y^^^ J\ 

Citizenship: United States 

Post Office Address: 321 Old Lancaster Road 
Sudbury, MA 01776 

Inventor's Signature: J^^T^^>-.^CjJ^j^^t.-^ Date: <^^^/^^^ 

Residence Address: Sb^i^^t>«^» MA V^/l 
Citizenship: ' ^ I , 

Post Office Address: 1 9 Main Circle 

Shrewsbury, MA 01545 
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POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 

PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 

The undersigned applicant: 

INTEL CORPORATION 
hereby appoints 

Denis G. Maloney, Reg. No. 29,670 



FISH & RICHARDSON P.C. 

225 Frankhn Street 

Boston, Massachusetts 021 10-2804 

E] as agent(s) □ as common representative(s) 

to act on applicant's behalf before the competent International Authorities in connection with 
the international application on 

Title: BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 
Agent's Reference: 10559-307US1 
Application Number: 10/069,805 

filed with the United States receiving Office and to make or receive payments on applicant's 
behalf. 



Place:. 
Date: 



Signature: 

INTEL CORPORATION 

Printed Name: 



Title: 



POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 



PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 

The' undersigned ^plicant: 

GILBERT WOLRICH 
hereby appoints 

Denis G. Maloney, Reg. No. 29,670 

of 

nSH & RICHARDSON P.C. 

225 Franklin Street 

Boston, Massachusetts 021 10-2804 

[SI as agent(s) □ as common representative(s) 

to act on applicant's behalf before the competent International Authorities in connection with 
the international application on 

Titie: BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 
Agenf s Reference: 1 0559-307US 1 
Application Number: 10/069,805 

filed with the United States receiving Office and to make or receive payments on applicant's 
behalf 

Place: /^OcU^>.. //M i 

Date: ^ ) > / U<gA. Q ^9,. ^<^<i^ 

Signature: 

GILBERT WOLRICH 
Printed Name: GILBERT WOLRICH 



Title: Inventor 
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POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 

PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 

The undCTsigped applicant: 

MATTHEW J. ADILETTA 
hereby appoints 

Denis G. Maloney, Reg. No. 29,670 



FISH & RICHARDSON P.C. 

225 Franklin Street 

Boston, Massachusetts 021 10-2804 

EJ as agent(s) □ as common representative(s) 

to act on applicant's behalf before the competent International Authorities in connection with 
the int^national application on 

Title: BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 
Agent's Reference: 10559-307US1 
Application Number: 10/069,805 

filed with the United States receiving Office and to make or receive payments on applicant's 
behalf. 



Place: Mv A^bKJ MA 

Date: J'^t^g h ^ Izd I 

Signature: ^^^^^^^^^M^^ ; 

MATTHEW J. J^ILfiTTA 

Printed Name: MATTHEW J. ADILETTA 



Title: Inventor 



POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 

PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 



The undersigned applicant: 

WILLIAM R. WHEELER 
hereby appoints 

Denis G. Maloney, Reg. No. 29,670 

of 

FISH & RICHARDSON P.O. 

225 Franklin Street 

Boston, Massachusetts 02110-2804 

[SI as agent(s) □ as common representative(s) 

to act on applicant's behalf before the competent International Authorities in connection with 
the international application on 

Title: BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 
Agent's Reference: 10559-307US1 
Application Number: 10/069,805 

filed with the United States receiving Office and to make or receive payments on appUcant's 
behalf. 



Place: 



Date: 



Signature:^ 



WILLIAM R. WHEELER 



Printed Mame! WILLIAM R. WHEELER 



Title: Inventor 
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POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 

PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 

The undersigned ^plicant: 

DEBRA BERNSTEIN 
hereby appoints 

Draiis G. Moloney, Reg. No. 29.670 

of 

FISH & RICHARDSON P.C. 

225 Franklin Street 

Boston, Massachusetts 02110-2804 

EJ as agent(s) □ as common representative(s) 

to act on applicant's behalf before the competent International Authorities in connection with 
the international application on 

Title: BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 
Agent's Reference: 10559-307US1 
Application Number: 10/069,805 

filed with the United States receiving Office and to make or receive payments on applicant's 
behalf. 

Place: 
Date: 

DEBRA BERNSTEIN 
Printed Name: DEBRA BERNSTEIN 



Title: Inventor 
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POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 

PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 

The und^igned iqjplicant: 



to act on applicant's behalf before the competent Intematioiud Authorities in connection with 
the international application on 



Title: BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 
Agent's Reference: 10559-307US 1 
Application Number: 10/069,805 



filed with the United States receiving Office and to make or receive payments on applicant's 
behalf. 



DONALD F. HOOPER 



hereby ^points 



Denis G. Maloney, Reg. No. 29,670 



of 



FISH & RICHARDSON P.C. 

225 Franklin Street 

Boston, Massachusetts 02110-2804 



(SI as agent(s) 



□ as common representative(s) 



Place: 




Date: 



Signature:. 



DO] 



Printed Name: DONALD R HOOPER 



Title: Inventor 



Attorney's Docket No.: 10559-307US1 
Client's Ref. No.: P9628 



COMBINED DECLARATION AND POWER OF ATTORNEY 

As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated below next to my name, 

I believe I am the original, first and sole inventor (if only one name is listed below) or an original, first and 
joint inventor (if plural names are listed below) of the subject matter which is claimed and for which a patent is 
sought on the invention entitled BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR , the 
specification of which: 

[] is attached hereto. 

[X] was filed on February 25, 2002 as Application Serial No. 10/069.805 and was amended on 

[] was described and claimed in PCT International Application No. filed on 

and as amended under PCT Article 19 on • 



I hereby state that I have reviewed and understand the contents of the above-identified specification, 
including the claims, as amended by any amendment referred to above. 

I acknowledge the duty to disclose all information I know to be material to patentability in accordance with 
Title 37, Code of Federal Regulations, §1.56. 

I hereby claim foreign priority benefits under Title 35, United States Code, §119 of any foreign 
application(s) for patent or inventor's certificate or of any PCT international application(s) designating at least one 
country other than the United States of America listed below and have also identified below any foreign application 
for patent or inventor's certificate or any PCT international application(s) designating at least one country other than 
the United States of America filed by me on the same subject matter having a filing date before that of the 
application(s) of which priority is claimed: 

Country Application No. Filing Date Priority Claimed 

WIPO PCT/USOO/23992 08/31/2000 [X] Yes [] No 

[] Yes [] No 

I hereby appoint the following attorneys and/or agents to prosecute this application and to transact all 
business in the Patent and Trademark Office connected therewith: 

Scott C. Harris, Reg. N o. 32,030 
David L. Feigenbaum, Reg Nn. 3( 
Christina Sperry, Reg. No. 47.106 

Address all telephone calls to DENIS G. MALONEY at telephone number (617) 542-5070. 

Address all correspondence t o DENIS G. MA LONEY at: 

FISH & RICHARDSON P.C. _ 
^25 Franklin Street ^']^^ ^ 
• ^oston, MassachusetS^021 10-2804 

I hereby declare that all statements made herein of my own knowledge are true and that all statements made 
on information and belief are believed to be true; and further that these statements were made with the knowledge 
that willful false statements and the like so made are punishable by fine or imprisonment, or both, under Section 
1001 of Title 18 of the United States Code and that such willful false statements may jeopardize the validity of the 
application or any patents issued thereon. 




Denis G. Maloney, Reg. No. 29,670 _ 
Kenneth F. Kozik, Reg. No.^^. 



Paul A. Pysher, Reg. No. 40^ 



J., %3 13 J 11 J ^ ^ 3L J *' 41 J -u:f 



Attorney's Docket No.: 10559-307US1 
Client's Ref. No.: P9628 



Combined Declaration and Power of Attorney 

Page 2 of 8 Pages 



Full Name of Inventor: 

Inventor's Signature: 

Residence Address: 

Citizenship: 

Post Office Address: 




Framingham, MA 
United States 
4 Cider Mill Road 
Framingham, MA 01701 



Full Name of Inventor: MATTHEW J. ADILETTA 



Inventor's Signature: 

Residence Address: 

Citizenship: 

Post Office Address: 



Date: 



Worcester, MA /\ A A 
TJmted States f 1/ [ 



20 Monticello Drive 
Worcester, MA 01603 



Full Name of Inventor: WILLIAM R. WHEELER 



Inventor's Signature: 

Residence Address: 

Citizenship: 

Post Office Address: 



Date: / 



South boro u gh ,y AK 



""United States 
9 Darlene Drive 
Southborough, MA 01772 



/H/T 



Full Name of Inventor: DEBRA BERNSTEIN 



Inventor's Signature: 

Residence Address: 

Citizenship: 

Post Office Address: 



Sudbury, MA 



Date: 



United States 
321 Old Lancaster Road 
Sudbury, MA 01776 



Full Name of Inventor: DON AL; 



Inventor's Signature: 

Residence Address: 

Citizenship: 

Post Office Address: 




Shrews6ui y*-MA 
United States 
19 Main Circle 
Shrewsbury, MA 01545 



20442008.doc 



POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 

PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 

The undersigned applicant: 

GILBERT WOLRICH 
hereby appoints 

Denis G. Maloney, Reg. No. 29,670 

of 

FISH & RICHARDSON P.C. 

225 Franklin Street 

Boston, Massachusetts 02110-2804 

El as agent(s) □ as common representative(s) 

to act on applicant's behalf before the competent International Authorities in connection with 
the international application on 

Title: BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 

Agent's Reference: 10559-307US1 
Application Number: 10/069,805 

filed with the United States receiving Office and to make or receive payments on applicant's 
behalf. 



Place 
Date: 




Signature: ^^^^^-^Z>OY (-<^JI 4~^^I V 
GILBERT WOLRICH 



Printed Name: GILBERT WOLRICH 



Title: Inventor 
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POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 

PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 

The undersigned applicant: 

MATTHEW J. ADILETTA 
hereby appoints 

Denis G. Maloney, Reg. No. 29,670 

of 

HSH & RICHARDSON P C. 

225 Franklin Street 

Boston, Massachusetts 021 10-2804 

El as agent(s) □ as common representative(s) 

to act on applicant's behalf before the competent International Authorities in connection with 
the international application on 

Title: BRANCH DMSTRUCTION FOR MULTITHREADED PROCESSOR 
Agent's Reference: 10559-307US1 
Application Number: 10/069,805 

filed with the United States receiving Office and to make or receive payments on applicant's 
behalf. 




Signature: 

MATTH^iW^ .'ADILETTA 
Printed Name: MATTHEW J. AD T1FTTA 



Title: Inventor 



Jin?;; s>,v^; jw?; j^.^ 



POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 

PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 

The undersigned applicant: 

WILLIAM R. WHEELER 
hereby appoints 

Denis G. Maloney, Reg. No. 29,670 

of 

FISH & RICHARDSON P,C. 

225 Franklin Street 

Boston, Massachusetts 021 10-2804 

\E\ as agent(s) □ as common representative(s) 

to act on applicant's behalf before the competent International Authorities in connection with 
the international application on 

Title: BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 
Agent's Reference: 10559-307US1 
Application Number: 10/069,805 

filed with the United States receiving Office and to make or receive payments on applicant's 
behalf. 



Place: U^L^. HA UJA 

Date: /b/^z/lx 

Signature:^ 

WILLIAM R. WHEELER 

Printed Name: WILLIAM R. WHEELER 

Title: Inventor 
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POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 

PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 

The undersigned applicant: 

DEBRA BERNSTEIN 
hereby appoints 

Denis G. Maloney, Reg. No. 29,670 

of 

FISH & RICHARDSON P C. 

225 Franklin Street 

Boston, Massachusetts 021 10-2804 

(3 as agent(s) □ as common representative(s) 

to act on applicant's behalf before the competent International Authorities in connection with 
the international application on 

Title: BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 

Agent's Reference: 10559-307US1 
Application Number: 10/069,805 

filed with the United States receiving Office and to make or receive payments on applicant's 
behalf. 

Place: 

Date: iZ)f2.i |/9i- 

Sipnature: ^//i /?i ^U^M/ 1^'^ 

DEBRA BERNSTEIN 

Printed Name: DEBRA BERNSTEIN ^ 



Title: Inventor 



- POWER OF ATTORNEY 
(CONCERNING A GIVEN INTERNATIONAL APPLICATION) 

PATENT COOPERATION TREATY 
APPOINTMENT OF AGENT OR COMMON REPRESENTATIVE 

The undersigned applicant: 

DONALD F. HOOPER 
hereby appoints 

Denis G. Maloney, Reg. No. 29,670 

of 

FISH & RICHARDSON P.C. 

225 Franklin Street 

Boston, Massachusetts 02 1 1 0-2804 

El as agent(s) □ as common representative(s) 

to act on applicant's behalf before the competent International Authorities in connection with 
the international application on 

Title: BRANCH INSTRUCTION FOR MULTITHREADED PROCESSOR 

Agent s Reference: 10559-307US1 
Application Number: 10/069,805 

filed with the United States receiving Office and to make or receive payments on applicant's 
behalf. 



Place: 



Date: / C Z^. / ^/zQO 




Signature : _ 

donai:d f. hooper 



Printed Name: DONALD F. HOOPER 
Title: Inventor 



